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Abstract: Hydroxyapatite (HAp)/bacterial cellulose (BC) nanocomposites were prepared by an optimal biomimetic mineralization 
synthesis approach for bone tissue engineering application. BC with ultrafine three dimensional network was negatively charged by 
the adsorption of polyvinylpyrrolidone (PVP) to initiate the nucleation of HAp. The HAp was grown in vitro along the nanofiber 
network of BC via dynamic simulated body fluid (SBF) treatment. It was found that rod-like HAp particles in the nano-scale 
(100−200 nm) homogeneously deposited on the surface of PVP-BC. ATR-Fourier Transform Infrared Spectroscopy (ATR-FTIR) 
results showed that carbonate-containing HAp crystals resembling natural bones were formed by biomimetic mineralization method. 
Moreover, the amount of HAp observed increased with increasing mineralization time. And the Ca/P overall ratio ranged from 1.37 
to 1.59. The results from Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) indicated that PVP treatment 
enhanced the apatite nucleation ability of BC with higher HAp deposit amount. 
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1 Introduction 
 
In recent years, bone diseases have caused large 
tissue deficits which can not heal normally and acquire 
bone grafts to replace the missing bone. The traditional 
bone grafts include autografts and allografts [1, 2]. 
However, autografts are always in short supply and cause 
an additional surgical pain to patient. Allografts often 
appear the rejected reaction created by foreign antigens 
in the graft materials. In order to overcome their 
limitation, efforts have been underway for the past 
decade to construct alternative materials to minic nature 
bone. Therefore, bone tissue engineering has been 
established to develop biological synthetic substitutes 
which can restore and maintain physiological bone. 
Moreover, bone tissue engineering offers unlimited 
possibilities for providing bone tissue replacements due 
to readily constructing a variety of alternative materials 
with large and complex structures [3−5]. It is well known 
that natural bone is a biocomposite composed of a 
collagen matrix reinforced with hydroxyapatite (HAp) 
crystals. Thus, various biomaterials such as collagen, 
cellulose and chitosan are used to as a template to control 
the geometry of the apatite to mimic that found in bone 
[6−8]. 
As one of the most abundant biodegradable and 
biocompatible natural polymers, cellulose has attracted 
considerable attention for bone tissue scaffold 
application [9−11]. Particularly bacterial cellulose (BC) 
is a renewable and biocompatible nanobiomaterial 
produced by the fermentation of Acetobacter xylinum  
[12, 13]. Compared with plant cellulose, BC with an 
ultra three dimensional network of cellulose nanofibres 
offers many attractive properties. Its elastic modulus and 
tensile strength can reach up to 138 GPa and 2 GPa, 
respectively. Besides, the fibrils diameter ranges from 10 
nm to 100 nm with higher surface and higher crystallinity. 
A large amount of hydroxyl group on the surface of BC 
has been proved to effectively guide the synthesis of 
nanoparticles. Therefore, due to these characteristics, 
some researchers have done a lot of investigations on 
synthesizing HAp nanoparticles in three dimensional 
network of BC to produce nanocomposites as bone 
substitutes [14]. However, a great amount of hydroxyl 
groups of cellulose show weak apatite nucleation ability 
in simulated body fluid (SBF) [15, 16]. And 
polyvinylpyrrolidone (PVP), being a water-soluble and 
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biocompatible polymer, has been proved to effectively 
induce the formation of apatite crystal [17]. In this work, 
based on PVP surface modification of BC membranes, 
HAp/BC nanocomposites were fabricated by initiate 
biomimetic apatite formation from SBF solution on BC 
three dimensional fibers network. The corresponding 
preparation mechanism for HAp/BC nanocomposites 
was explained. The resultant HAp/BC composites were 
characterized by ATR-Fourier Transform Infrared 
Spectroscopy (ATR-FTIR), Field Emission Scanning 
Electron Microscopy (FE-SEM), X-ray Diffraction 
(XRD), and Inductively Coupled Plasma Atomic 
Emission Spectroscopy (ICP-AES). 
 
2 Experimental 
 
The bacterial strain Acetobacter xylinum 1.1812 was 
supplied by Institute of Microbiology, Chinese Academy 
of Science. The chemicals used in the experiment were 
purchased from Aladdin Chemical Reagent Co., Ltd. All 
reagents were of analytical grade and used without 
further purification. All aqueous solutions were prepared 
using ultrapure water with a resistance of 18.2 MΩ·cm. 
As reported in the literature, the Hestrin-Schramm 
culture media (2.5% d-glucose, 0.5% peptone, 0.5% 
yeast extract, 0.115% citric acid, 0.25% disodium 
hydrogen phosphate, ratio of mass to volume) was used 
for BC membrane fermentation [18]. The pH of culture 
media was adjusted to 6.0 with HCl or NaOH. Then the 
culture medium in autoclaving was sterilized at 120 °C 
for 30 min. The bacteria strain was incubated at 28 °C 
for 14 d. Finally, the obtained BC membrane with 3 mm 
thickness was boiled in 1% NaOH solution for 30 min 
and then rinsed several times with ultrapure water till the 
filtrate became neutral. 
PVP solution was firstly prepared by adding 0.05 g 
PVP into 200 mL high pure water. Native BC containing 
200 mg dry cellulose was treated in PVP solution at 30 
°C for 2 d. Then, the PVP treated BC membrane coded 
as PVP-BC was washed with ultrapure water several 
times. Subsequently, these pellicles were immersed in 
0.1 mol/L CaCl2 solution at 37 °C for 3 d for activating 
hydroxyl group. In order to induce HAp formation, PVP 
modified and Ca2+ activated BC were soaked in a 
1.5×SBF solution at 37 °C for 5 or 7 d. The 1.5×SBF 
solution was prepared from a protocol developed by 
WAN et al [15]. The corresponding samples are denoted 
as 5-PVP-HAp/BC and 7-PVP-HAp/BC, respectively. 
The control sample 5-Ca-HAp/BC was mineralized for 5 
d after soaking in CaCl2 solution without PVP treatment. 
The control sample 5-HAp/BC was directly mineralized 
for 5 d without CaCl2 activation and PVP treatment. 
Finally, the obtained HAp/BC nanocomposites were 
rinsed with ultrapure water and freeze dried before 
characterization. 
The morphologies of the samples were observed by 
using Hitachi S−4800 FE-SEM. Prior to analysis, the 
samples were cut into small pieces and coated with thin 
layer of evaporated gold. FTIR-ATR spectra of samples 
were recorded using a Nicolet NEXUS-670 instrument in 
the absorption mode with the wave number range of 
4000−600 cm−1. X-ray diffractometer (XRD) patterns 
were obtained in a Rigaku D/max−2000 X-ray 
diffractometer with the Cu Kα radiation ranging from 2° 
to 80° (2θ angle). ICP-AES (Prodigy XP, Leeman Labs, 
USA) was employed to characterize the mass fractions 
and ratio of calcium and phosphate elements of the 
apatite in the nanocomposites. 
 
3 Results and discussion 
 
3.1 Mechanism 
A schematic description of the preparation 
mechanism of HAp/BC nanocomposites is shown in  
Fig. 1. The water-soluble PVP can permeate through the 
inner fibrous network of BC. At the same time, the 
abundant hydroxyl group of cellulose has a strong 
interaction with the C=O of PVP by hydrogen bond 
which ensures the uniform distribution of PVP on the 
surface of BC nanofibers. Hence, BC membrane treated 
by PVP was obtained to prepare HAp/BC 
nanocomposites. It was proved that the presence of both 
C—N  and C=O in PVP could provide more electron 
bond to adsorb Ca2+ which make it easier to combine 
with CO32− and PO43− [17]. When PVP-treated BC was 
immersed in CaCl2 aqueous solution, Ca2+ was firstly 
anchored on PVP along BC nanofibers by ion-polar 
interaction. A divalent Ca2+cation may strongly attach 
itself to two adjacent carbonyl groups, which can donate 
two pairs of lone pair electrons to the cation. And then 
CO32− and PO43− in 1.5×SBF solution were easily 
integrated with Ca2+ by electrostatic interactions to form 
the efficient apatite nucleation sites. Therefore, the HAp 
could be uniformly formed in PVP-BC cellulose after 
undergoing a slow mineralization process along BC 
nanofibers. Finally, HAp/BC nanocomposite was 
fabricated by optimal mineralization procedures. 
 
3.2 ATR-FTIR spectroscopy 
The ATR-FTIR spectra of freeze-dried native BC, 
PVP-BC and PVP-HAp/BC nanocomposites are shown 
in Fig. 2. The bands at 3410, 2900, 1642, 1427, 1372, 
1157, and 1060 cm−1 in Fig. 2(a) are associated with 
native BC [14]. Figure 2(b) shows the spectra of 
PVP-BC. Compared with the spectra of pure BC, the 
peak at 3410 cm−1 corresponding to stretching vibrations 
of hydroxyl group of BC is shifted to low wavenumbers 
and becomes the strong broad adsorption band. It indicates  
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Fig. 1 Schematic presentation of formation mechanism of HAp/BC nanocomposite 
 
 
Fig. 2 ATR-FTIR spectra of BC (a), PVP-BC (b), 5-PVP-HAp/ 
BC (c) and 7-PVP-HAp/BC (d) 
 
indicates that the hydroxyl groups have a strong 
interaction with C=O of PVP. At the same time, the 
absorption bands at 1289 and 1429 cm−1 assigned to the 
vibration of heterocyclic in PVP is observed. However, 
the other characteristic peaks corresponding to the native 
BC nearly disappeared. These phenomena demonstrated 
that BC was successfully coated and modified by PVP 
[19, 20]. After 5 d mineralization of PVP-BC in a 
1.5×SBF solution, the absorption bands at 1092 and 1036 
cm−1 attributed to the stretching mode of PO43− appear in 
Fig. 2(c), indicating that HAp crystals have grown in 
vivo on the surface of 5-PVP-HAp/BC samples. 
Moreover, the peaks at 1413 and 873 cm−1 corresponding 
to CO32− show that PO43− sites in HAp/BC 
nanocomposites are partially substituted with CO32–. 
Therefore, the HAp crystals formed on the BC surface 
were identified as carbonate-containing HAp. 
Subsequently, the spectrum of 7-PVP-HAp/BC shown in 
Fig. 2(d), is very similar with that of 5-PVP-HAp/BC. 
The results showed that PVP wrapped the BC original 
fiber surfaces and carbonate-containing HAp crystals 
deposited in the three dimensional fibrous network of 
PVP treated BC. PVP could effectively combine with a 
larger amount of Ca2+ through the strong ion-polar 
interaction due to the presence of C—N and C=O. Then, 
the firmly incorporated Ca2+ ions could facilitate to 
combine with PO43– and CO32– ions in 1.5×SBF solution, 
which accelerate the nucleation of HAp crystals and 
decrease mineralization time. 
 
3.3 FE-SEM observation 
Figure 3 shows FE-SEM images of native BC and 
HAp/BC nanocomposites. As shown in Fig. 3(a), native 
BC has an ultrafine 3D nanoporous network structure 
consisting of random nanofiber with the diameter in the 
range from 30 to 100 nm, which provides an excellent 
scaffold to form HAp nanoparticles and facilitates 
cellular adherence for bone tissue engineering 
application [14]. PVP-BC also has similar tangle 
morphology to native BC in terms of fibrilar structure, 
whereas, shows a more compact network structure, 
shown in Fig. 3(b). In principle, polymers with bioactive 
surface functional groups that have the ability to 
stimulate apatite nucleation can be used to produce 
HAp/polymer nanocomposites in SBF solutions. 
However, the weak apatite nucleation ability of BC with 
hydroxyl groups in SBF solutions limits its preparation 
of HAp/BC nanocomposites. The modification of PVP is 
considered to create an active surface in BC nanofiber to   
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Fig. 3 FE-SEM images of BC ((a), (a′)), PVP-BC ((b), (b′)), 5-PVP-HAp/BC ((c), (c′)) and 7-PVP-HAp/BC ((d), (d′)) 
 
enhance the rate of apatite nucleation and induce the 
formation of HAp crystals. As expected, homogeneous 
and diffusive spherical particles uniformly deposited on 
the surface of BC nanofiber shown in Fig. 3(c) after 
PVP-BC was soaked in CaCl2 solution and then immersed 
in 1.5×SBF for 5 d. The size of the apatite nanoparticles 
was in the range from 100 to 200 nm. At the same time, 
the interconnected nanoholes of BC nanofiber network 
were still observed. After 7 d mineralization, the 
spherical apatite nanoparticles aggregated into rod-like 
apatite crystals on the surface of 7-PVP-HAp/BC shown 
in Fig. 3(d). However, the rod-like apatite crystals became 
dense, which may be caused by the high surface energy 
and density of HAp nanoparticles. As shown in Fig. 3(d), 
the numbers of HAp nanoparticles increased with the 
increase of mineralization time. Besides, the HAp 
crystals became more and more homogeneous and 
merged as rod-like shape in BC fibrous network. The 
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homogeneous HAp/BC nanocomposites with a certain 
degree of toughness and porosity were prepared by 
biomimetic mineralization of PVP-BC, which facilitates 
cell adhesion and make it promising for application as a 
bone substitute biomaterial. 
 
3.4 XRD analysis 
The XRD patterns for native BC and the HAp/BC 
nanocomposites are given in Fig. 4. The characteristic 
peaks at 14.6° and 22.4°, respectively corresponding to 
the BC crystallographic plane of (101) and (002), are 
observed in Fig. 4(a) [22]. From Fig. 4(b), it was found 
that the intensity of the two peaks from BC became weak 
in the 5-Ca-HAp/BC samples after soaking in CaCl2 
solution without PVP treatment. Besides, the extra peaks 
located at 27.4°, 29.4°, 31.9° and 46.7° appeared [24]. 
These peaks were attributed to the characteristic peaks of 
HAp crystals, which indicated HAp particles were 
successfully formed in native BC by Ca2+ activation and 
5 d mineralization in 1.5×SBF. A similar curve was 
observed in the XRD patterns of 5-PVP-HAp/BC 
samples shown in Fig. 4(c), whereas, the peaks at 27.4°, 
31.9° and 46.7° assigned to the crystalline plane (002), 
(211) and (222) of HAp crystals became stronger. This 
demonstrated that PVP treatment played a very important 
role in activating the surface of BC nanofiber for 
synthesis of HAp crystals in 1.5×SBF. Compared to 
5-Ca-HAp/BC, the larger number of HAp crystals 
deposited on the surface of 5-PVP-HAp/BC for the same 
mineralization time. With the increase of mineralization, 
the characteristic peaks arising from HAp crystals 
become further strong, which means that the larger 
thickness of HAp crystals gradually becomes the 
dominating component of the nanocomposites [15]. The 
results are also in accordance with the ATR-FTIR 
observation. 
Table 1 lists the average crystallinity and crystallite 
 
 
Fig. 4 XRD patterns of BC (a), 5-Ca-HAp/BC (b), 5-PVP- 
HAp/BC (c) and 7-PVP-HAp/BC (d) 
Table 1 Average crystallinity and crystalline size of HAp 
nanoparticles in HAp/BC nanocomposites 
Nanocomposite Crystallinity/% Crystalline size/nm 
5-Ca-HAp/BC 0.48 35.2 
5-PVP-HAp/BC 0.54 39.7 
7-PVP-HAp/BC 0.79 49.6 
 
size of the HAp crystals formed on the surface of BC 
samples with different treatments based on (211) 
reflection peaks from the XRD patterns. 5-Ca-HAp/BC, 
5-PVP-HAp/BC and 7-PVP-HAp/BC nanocomposites 
show the crystallite sizes of 35.2, 39.7 and 49.6 nm, 
respectively. It was found that the HAp crystals on the 
surface of PVP-BC display larger crystallite size 
compared to that of native BC. The crystallite sizes are 
similar with those reported by other researcher who 
obtained HAp crystals in phosphorylated BC after 
immersing in 1.5× SBF, which are comparable to the size 
(about 50 nm) of nature apatite in bone tissue [15−17]. 
The crystallinity of HAp crystals on surface of 
5-PVP-HAp/BC is 0.54 % more than the value (0.48 %) 
of 5-Ca-HAp/BC. The phenomena showed that BC with 
PVP treatment could induce the formation of higher 
crystallinity and crystallite size of the HAp crystals. With 
the mineralization time increasing to 7 d, the level of 
crystallinity of HAp in PVP-BC became 0.79%. The 
observed low crystallinities were comparable to those 
(below 1%) found in biological apatite, which is 
considered to be favorable for bone healing in vivo. 
 
3.5 ICP-AES analysis 
In principle, when mole ratio Ca/P of the obtained 
apatite crystal is lower than 1.67, it is more beneficial as 
a substitute material for bone as it enables rapid bonding 
with bone [22, 23]. In order to record the mole ratio of 
Ca/P, ICP-AES analysis was used to detect the content of 
calcium and phosphate elements of all samples shown in 
Table 2. Native BC directly mineralized in 1.5×SBF 
solution for 5 d shows that the contents of calcium and 
phosphate elements are 280.6 and 215.3 mg/g, 
respectively. BC with CaCl2 treatment and then 
mineralization gives the data of 351.1 and 236.5 mg/g. 
However, the value of HAp/BC nanocomposites with 
PVP treatment is 413.1 and 263.1 mg/g after 5 d 
mineralization and 457.2 and 286.1 mg/g after 7 d 
mineralization, which was obviously higher than that of 
other samples. It indicated that PVP treatment made a 
significant and stimulative influence in the 
mineralization process for the synthesis of HAp/BC 
nanocomposites. The results demonstrate that C—N and 
C=O of PVP have the stronger interaction with Ca2+ to 
induce the apatite formation on the surface of BC in 
1.5×SBF solution. It showed that ion-polar interaction 
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Table 2 Mass fractions of Ca and P elements and mole ratio of Ca/P elements of apatite crystals in HAp/BC nanocomposites 
Nanocomposites Treatment Mass concentration of Ca/(mg·g−1) Mass concentration of P/(mg·g−1) n(Ca)/n(P)
5-HAp/BC − 280.6 205.3 1.37 
5-Ca-HAp/BC CaCl2 treatment 351.1 236.5 1.48 
5-PVP-HAp/BC PVP and CaCl2 treatment 413.1 263.1 1.57 
7-PVP-HAp/BC PVP and CaCl2 treatment 457.2 286.1 1.59 
 
was the main way for the apatite deposition along the BC 
nanofibers in this experiment. Moreover, the mole ratio 
of Ca/P all the samples was lower than 1.67, which 
proved that the resultant apatite crystal made HAp/BC 
composite a promising candidate for orthopedic 
biomaterial application. 
 
4 Conclusions 
 
1) HAp/BC nanocomposites were fabricated by 
using the biomimetic route comprised of PVP treatment, 
CaCl2 treatment and biomimetic mineralization in 
1.5×SBF solution. 
2) The homogeneous spherical HAp nanoparticles 
were formed on the surface of PVP-BC after 5 d 
mineralization time and then became rod-like shape 
crystals after 7 d mineralization time. Moreover, the 
rod-like shape HAp crystals were carbonate-containing 
apatite with low crystallite size (49.5 nm) and 
crystallinity (0.79%). The Ca/P mole ratios of the formed 
HAp crystals were lower than 1.67 which is similar to 
the value of natural bone apatite. 
3) Compared to HAp/BC samples without PVP 
treatment, the nanocomposites had higher HAp deposit 
weight in identical mineralization time. It indicated PVP 
treatment promoted the apatite nucleation ability of BC 
and enhanced the mineralization rate. 
4) The novel HAp/BC nanocomposites consisting of 
uniform rod-like shape apatite crystals and porous 
nanofiber network are a good prospect as the bone 
biomaterial substitute. 
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